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Abstract—We report on the fabrication, assembly, and test of
the NbsSn dipole magnet HD2. The magnet, aimed at
demonstrating the application of NkSn superconductor in high
field accelerator-type dipoles, features a 36 mm e&hr bore
surrounded by block-type coils with tilted ends. Tk coil design is
optimized to minimize geometric harmonics in the aprture and
the magnetic peak field on the conductor in the cbiends. The
target bore field of 15 T at 4.3 K is consistent wh critical current
measurements of extracted strands. The coils are fipontally
pre-stressed during assembly using an external alumum shell
pre-tensioned with water-pressurized bladders. Axibpre-loading
of the coil ends is accomplished through two end @iles and four
aluminum tension rods. The strain in coil, shell, ad rods is
monitored with strain gauges during assembly, coalown and
magnet excitation, and compared with 3D finite elemnt
computations. Magnet'’s training performance, quenchocations,
and ramp-rate dependence are then analyzed and disesed.

Index Terms—Dipole magnet, NBSn

I. INTRODUCTION
HE LBNL Superconducting Magnet Program, as part

the development of NBn high field magnets for the next

generation of HEP colliders [1], has fabricated #awted the
NbsSn dipole magnet HD2 (see Fig. 1). After a prelamn
description of the conceptual design reported ih [2e

presented the results of a detailed mechanicaysisabf coil
and structure in [3], and documented the final glesithe
fabrication and assembly procedure, as well as fible

quality expectations, in [4]. In this paper, theuks of three
tests carried out at the LBNL test facility are qaeted,
including strain gauges measurements, trainingopmdnce,
guench locations, and ramp-rate studies.

Il. MAGNETDESIGN

The HD2 magnet design (Fig. 2) features two blgglet
coils wound around a Ti alloy pole with a cut-oot & 36 mm
aperture bore tube. The coil has a straight seatfofr'5 mm
and in the ends tilts up at a®ldnhgle through hard-way bends.
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Fig. 1. HD2 assembled and pre-loaded.

The peak field is located in the straight sectidrager 2
pole turn: layer 1 pole turn and the coil ends havéeld
margin of respectively 4% and 6%. The yoke crossice has
been designed to have, in the current range of RAL A Abs;

Oqf + 1.3 units and @&bs of + 0.1 units at a R = 10 mm. The

geometric harmonics, optimized for a current ofki§ are
within 0.1 units. The support structure is basedaofil mm
thick Al shell pre-tensioned with water-pressurizdddders.
With a pre-load level for a 15 T bore field, thélgeaches a
peak compressive stress of -180 MPa in the layerid turn.
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Fig. 2. HD2 cross-section.
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Fig. 3. HD2 coil end support.

Two 50 mm thick endplates, connected by four 188 m
diameter Al rods, support the coil ends (see Fig. 3

Three coils, composed of two layers wound from
continuous length of cable made of 51 RRP straritts av0.8
mm diameter, were fabricated and tested. The stmaddcable
parameters are listed in Table I. Both virgin (réustrands
and strands extracted from cables were reactedthétcoils
to analyze magnet performance. In Fig 4 the cfiticarent
measurements are plotted as a function of the totajnetic
fields, both for virgin and extracted strands ufedcoil 2 and
3. A self-field correction of 0.4858 T/kA is inclad. Data are
fitted and extrapolated at different temperaturetng the
ITER standard parameterization [5]. At 12 T and K,2the
strands exhibit a critical current cabling degramabf 4% in
coil 1 and 2% in coil 2 and 3.
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Fig. 4. Critical current (A) vs. total magnetic lie(T) measurements and
parameterization curves of round (RW) and extrautieels (XS) for coil 2-3.

The intersection of the magnet load-line and the K.
(magnet test temperature) parameterization curegige an
expected magnet current limit (short sample curtgnat 4.3
K of 17.3 kA or 18.1 kA, assuming respectively cbior coll
2 and 3 properties (see Table Il for all magneapeaters). At
1.9 K, anincrease of 1.5 T is expected in maxintame field.

TABLE | CasLE PaRAMETERS

Parameter Unit Coil 1 Coil 2-3
Strand diameter (before reaction) mm 0.802 0.801
Process Restacked Rod Process
Stack 54/61
Non Cu % 51 54
RRR 16 287
Twist pitch mm 13 14
No. strands 51
Cable width (bare) mm 22.008 21.999
Cable thickness (bare) mm 1.401 1.406
Insulation thickness mm 0.095
TABLE Il MaGNET PARAMETERS

Parameter Unit HD2a-b HD2c
Clear aperture mm 36
Magnet outer diameter mm 705
No. turns in layer 1 (quadrant) 24
No. turns in layer 2 (quadrant) 30
Short sample currengslat 4.3/1.9 K kA 17.3/19.2  18.1/20.0
Bore field at 4.3/1.9 Kl T 15.0/16.5 15.6/17.1
Coil peak field at 4.3/1.9 Kd T 15.9/17.4  16.5/18.1
Fx/Fy layer 1 (quadrant) at 17.3 kA MN/m +2.3/-0.4
Fz layer 1 (quadrant)at 17.3 kA kN 90

aFx [Fy layer 2 (quadrant) at 17.3 kA MN/m +3.3/-2.2
Fz layer 2 (quadrant) at 17.3 kA kN 126
Stored energy at 17.3 KA MJ/m 0.84
Inductance mH/m 5.6

HD2a and HD2b were assembled with coil 1 and coiHD2c was
assembled with coil 2 and coil 3.

V. ASSEMBLY AND TESTOVERVIEW

HD2 underwent three tests at 4.3 K: HD2a and HD#h w
coil 1 and coil 2, and HD2c with coil 2 and coil Bhe shell
and the aluminum rods were instrumented with stgainges,
and their stress conditions were monitored and roeszb
during all room-temperature loadings, cool-downs] tests.
Fig. 5 and Fig. 6 show the evolution of the shetl aod stress,
with a comparison with the expectations from a 3Ditd
element model of the entire magnet assembly [2].

In order to mechanically characterize the structarel
validate the numerical model, a first cool-down ItdN
temperature was performed. Coil 1 and coil 2 wasembled
and pre-loaded inside the structure. During coaltothe
tension increased from 49 MPa to 135 MPa in thél stmel
from 34 MPa to 83 MPa in the rods.

Since the data were considered consistent with mode
expectations, after warm-up the magnet was cootedhdto
4.3 K, without disassembly or change in pre-load] tested
(HD2a). At 4.3 K the measured shell stress was WA,
while a total axial force of 560 kN was providedtte coil
ends by the rods tensioned to 90 MPa. Accordingh®
model, this stress conditions in the structure Itgesn a coil
peak stress in the straight section of -149 MPaearsdires no
separation coil-pole, both in the straight sectiod in the end
region, up to a 14 T bore field.

HD2b test was carried out after a minor adjustnurnthe
coil end support, without unloading the shell.

The last tests (HD2c) followed a complete disassgmb
where coil 1 was replaced by coil 3 and the shlkion was
increased by 13 MPa at 293 K, from 36 MPa to 49 MPa
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Fig. 6. Axial stress (MPa) of the four 18.5 mm d&er rods during pre-load
and tests: measured values (markers) and modettexioas (dashed lines).

V. TESTRESULTS

A. Training Quenches

The training histories of the three tests are showkig. 7,
where the bore field is plotted for all the low faunate
guenches. The bore field was measured with a Halbe
placed in the longitudinal center of the magne¢ (Sig. 8 for a

measured and computed bore field vs. current).

HD2a had a first quench at a bore field of 11.473% of
ls9. After 16 quenches it reached a maximum bored figf
13.3 T (87% of ), corresponding to an estimated coil pea
field of 14.0 T. In the second test (HD2b), the metgdid not
exhibit memory of the previous quench performareed,
after a first quench at 11.0 T (71% ¢J,lit trained to the same

maximum field after 12 quenches.

Because of a failure of the extraction system dugoench
#12, the number of MIITS released to coil 1 (quenglcoil)
increased from 16 to 23. As a result, higher raatp-r
sensitivity was observed, and a reduction of thepraate
from 20 to 10 A/s was required to achieve the mevilevel
of bore field (quenches #15 and #16). A detailechgarison
of the voltage signals recorded before and aftamitig

quench #12 is presented in [6].

plotted quenches occurred at a current rampI2@ A/s.
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Fig. 8. Measured and computed bore field (T) vagmea current (A).

After a 13 MPa increase of shell tension and tidacement
of coil 1 with coil 3, the magnet was retested ad2kl
Despite an increase of the expected short sampig (see
Table 1), the training was similar as in the pos tests; the
magnet, at a ramp rate of 5 A/s, reached a maxitmn field
of 13.8 T (87% of 4 at quench #30, corresponding to an
estimated peak field of 14.5 T.

B. Quench Locations

The time-of-flight method was used to locate thesrgn
origins. The voltage signals were monitored usiegwative

@mplifier with a resolution of 5 kHz. Normal zonepagation

velocity was determined based on the correlatiotwéen
I{/1ssand the velocity v given by v a- exp(b- 14/ls9, where a
= 0.590, b = 4.554,4lis the quench current, angd Is the
current limit of the quenching segment. The cotiretawas
obtained from test results of the SQ02 magnetHdlal and
constant velocities of both normal fronts were assil In
Fig. 9-11, the quench origins in HD2a, HD2b and ld22e
plotted. The inner and outer loops represent res@de the
pole turn of layer 2 and layer 1, while the velttidashed lines
indicate the end of the straight section, approtéfgawhere
the cable hard-way bend starts. For each magngt ttes
origins are projected to a plane parallel to théroa-plane.
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Fig. 9. HD2a quench locations: coil 1 (diamond neask and coil 2 (round
markers).
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Fig. 10. HD2b quench locations: coil 1 (diamond keas) and coil 2 (round
markers).
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Fig. 11. HD2c quench locations: coil 3 (diamond kess) and coil 2 (round
markers).
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The voltage signals recorded during the HD2a thstvad
determining the position of 14 training quenchesail6 (see
Fig. 9). The quenches were almost evenly distribietween
the coils: 6 in coil 1 and 8 in coil 2 (which feegd a higher
expected short sample current). They all occurnethé pole
turn of layer 1, which has a 4% margin in field wiespect to
the pole turn in layer 2. In addition, they wer¢ lacated
towards the end of the straight section, closeht® region
where the conductors are hard-way bent.

All the training quench locations of HD2b were itéed
but one (see Fig. 10). Before quench #12, 4(6) clues
occurred in coil 1(2), confirming that the lowemr@nt limit of
coil 1 was not affecting the magnet training. Afgglench #12,
the remaining four quenches took place all in tdihdicating
a possible conductor damage). Most of the quen@®swere
again located towards the end of the straight sedf layer 1
pole turn, while three occurred in the pole turnlayfer 2 in
coil 1 (peak field region).

In the HD2c test, coil 1 was replaced by coil 3101130
training quenches, 28 positions were determinee Ksg. 11).
All but one were again located in the pole turnlafer 1.
Most of the 16 quenches occurred in coil 3 wereceatrated
at a single location 90 mm from the ramp towardsemter of
the coil. The 12 quenches in coil 2 spread in thraight
sections of both the lead and return side. It wss secorded
that, for 11 times during training, quenches ocedirr
simultaneously (within 1 ms) in both coils and idjacent
locations (pole turn, layer 1, similar longitudinkdcation,
same coil side), indicating that quenches startethe mid-
plane in between the two coils.

C. Ramp-rate dependence study

Ramp-rate dependence studies were performed dtinigng
HD2c test. Ramp-rate was varied from 5 A/s to 308. An
Fig. 12, we plot the ratio of the highest quenchrent with
respect to  as a function of ramp-rate. High ramp-rate
guenches were originated both before and after etagn
training: no degradation was observed.
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Fig. 12. Ratio of quench current with respect{as a function of ramp-rate

VI.

The NSn dipole magnet HD2 was assembled, loaded, and

tested three times at 4.3 K at LBNL. The coil dedicludes

a clear aperture of 36 mm and has been optimizedrionize
geometric harmonics. The magnet reached a maximoma b
field of 13.8 T (87% of &), corresponding to an estimated
peak field on the conductor of 14.5 T. The quenchese
almost evenly distributed among the coils, despite
differences in conductor properties. In additioheyt were
mostly located at the end of the straight sectibthe layer 1
pole turn, where the field is about 4% lower thateiyer 2. At
the moment, the quench performance seems to poirt a
possible lack of mechanical support in the mid-plaarea
close to the coil hard-way bend. Further testcarnsidered in
the coming months to perform field quality measweatg, to
increase the clear aperture, and to optimize ceHli@ad.

CONCLUSIONS

REFERENCES

A. F. Lietzke, et al., “Test results for HD1, a 16 Tesla ¥ dipole
magnet”,|IEEE Trans. Appl. Supercond., vol. 14, no. 2, June 2004, pp.
345-348.

G. Sabbiet al., “Design of HD2: a 15 T Nisn dipole with a 35 mm
bore”, IEEE Trans. Appl. Supercond., vol. 15, no. 2, June 2005, pp.
1128-1131.

P. Ferracinet al.,“Mechanical design of HD2, a 15 T B#n dipole
magnet with a 35 mm borel'EEE Trans. Appl. Supercond., vol. 16, no.
2, June 2006, pp. 378-381.

P. Ferracingt al., “Development of the 15 T NBn Dipole HD2",|EEE
Trans. Appl. Supercond., vol. 18, no. 2, June 2008, pp. 277-280.

A. Godeke, B. ten Haken, H. H. J. ten Kate, andCDLarbalestier, “A
general scaling relation for the critical currenéndity in NRSn”,
Supercond. ci. Technol., vol. 19, 2006, pp. R100-R116.

J. Lizarazo,et al., “Use of High Resolution DAQ System to Aid
Diagnosis of HD2b, a High Field N8Bn Dipole”, presented 008
Applied Superconductivity Conference, Chicago, IL, USA, August 17-
22, 2008.

P. Ferracingt al., “Assembly and Tests of SQ02, a Nb3Sn Racetrack
Quadrupole Magnet for LARPTEEE Trans. Appl. Supercond., vol. 17,
no. 2, June 2007, pp. 1019-1022.

(1

(2

(3]

(4]
(5]

(6]

(7]



	INTRODUCTION
	Magnet Design
	Conductor and Magnet Parameters
	Assembly and Test Overview
	Test Results
	Training Quenches
	Quench Locations
	Ramp-rate dependence study

	Conclusions

